Abstract. Ground-based radio echo sounding data acquired along the 1700 km US-ITASE traverse have been used to determine ice attenuation and relative basal reflectivity across the major catchments funneling ice from East Antarctica to the Ross Ice Shelf. We find that basal reflectivity varies locally by up to 40 dB which we interpret as due to changes in the phase state at the bed. Some, though not all, areas of high local reflectivity are observed to have flat-lying bed reflections indicative of sub-glacial lakes. We compare basal reflectivity to ice balance velocity and find a general association of higher flow speeds with high radar reflection strength. This set of observations from two independent remotely sensed geophysical data sets extends the range of field observations to the interior of East Antarctica and confirms the importance of basal lubrication on modulating the ice dynamics of the largest ice sheet on the planet.
Introduction
The discovery of numerous lakes beneath the Antarctic Ice Sheets (e.g. Siegert et al., 2000) and the observation that in some cases lakes drain and refill on annual to sub-annual time scales (e.g. Carter et al., 2009; Fricker et al., 2007; Wingham et al., 2006) indicates that a pervasive sub-glacial hydrological network extends beneath large swathes of the ice in Antarctica. Basal melting, supporting till deformation of West Antarctic ice streams, is responsible for ∼ 90% or more of the velocity (Blankenship et al., 2001) . In East Antarctica, where a pervasive, thick layer of deformable sediment is less likely, the role of subglacial Correspondence to: R. W. Jacobel (jacobel@stolaf.edu) water on ice dynamics is less clear, less well documented and until recently generally limited to the role of water storage. For example, sub-glacial lakes at the head of Recovery Glacier in Coates Land have been linked with the onset of enhanced flow in this region (Bell et al., 2008 ) and other water reservoirs have been identified near the start of enhanced flow Stearns et al., 2008) . Mapping the distribution of subglacial water and elucidating the correspondence between its occurrence and ice flow speeds is thus of crucial importance for understanding the controls on ice dynamics across the whole of Antarctica.
Radar data and analysis
We have acquired 1700 km of ground-based radio echo sounding data along the 2006-2008 US-ITASE traverse from Taylor Dome to South Pole (Mayewski et al., 2003) . In addition to providing ice thickness measurements, these data allow us to determine radar attenuation in the ice and calculate values of relative basal reflectivity. This route (Fig. 1 ) comprises a gate crossing the catchments of the major glaciers draining ice from East Antarctica into the Ross Sea providing us the opportunity to acquire continent-scale ground-based radar data. After correction for geometric and attenuation losses, the amplitude of basal radar returns is determined primarily by water content at the ice-bed interface where thawed conditions exert a major control on ice speed. Thus a primary goal of acquiring these data was to investigate the spatial distribution of thawed basal conditions and explore its relationship to ice dynamics.
The St. Olaf impulse radar (Welch and Jacobel, 2003) operated at 3 MHz center frequency and recorded traces (each of 1000 stacks) at 3.5 m spacing along the traverse, providing a nearly continuous record of basal echoes for over 448 R. W. Jacobel et al.: A comparison of basal reflectivity and ice velocity in East Antarctica 1700 km. Ice internal echoes (isochronal layers) were also well-depicted for most of the traverse, occasionally to depths near 3 km, and are discussed in more detail in and in work still in progress. In this study, a total of some 464 000 bed echoes were analyzed to determine the relative reflectivity of the basal interface from Taylor Dome to South Pole. Recorded waveforms were first bandpassed to improve signal to noise and the data were subsequently migrated to remove the geometric effects of non-directional antennas. Power values were obtained by summing the squared amplitude under the bed echo wavelet (Gades et al., 2000) .
Modeling dielectric attenuation
Assuming a constant (but uncalibrated) radar transmitted power, the power of electromagnetic energy returned from the basal interface is determined by three factors: the dielectric properties of the reflector (the basal reflectivity), losses due to geometric spreading, and losses due to dielectric attenuation within the ice, Eq. (1).
(1) Fig. 2 . Detected bed echo power dB for the entire data set of 464 000 points, normalized to power from a highly reflective subglacial lake. Linear least squares fit yields a slope of 8.6 ± 0.1 dB/km, the average depth-averaged one-way dielectric attenuation. Color scale indicates relative basal reflectivity, the vertical distance of each point from the best fit line. For example, points above the fit line (warm colors) indicate areas of highly reflective (wet) bed.
Here P t is the transmitted power, A is the antenna gain function, h is the one-way path length, R is the reflectivity of the target interface (an internal layer or the bed) and L a is the mean attenuation length due to dielectric loss. For near-normal incidence, where the transmitter/receiver antenna spacing is much less than the ice thickness, h is effectively the ice thickness when considering bed echoes. P r is subject to both inverse square losses from geometric spreading of the radar energy (1/2 h 2 ) and exponential losses due to dielectric attenuation (exp(−2 h/L a )). Taking the log 10 of both sides of Eq. (1), the more commonly used one-way attenuation rate, (N a ) in dB km −1 is related to L a in meters by:
From Eq. (1), the geometric inversed-squared losses may be calculated simply with knowledge of the ice thickness. Dielectric attenuation is primarily a function of ice temperature but also depends on impurity content (e.g. MacGregor et al., 2007; Jacobel et al., 2009 ) and must be estimated. We have used four methods (discussed next) to model dielectric attenuation and have found them in good agreement. Plotting all 464 000 values of relative bed echo returned power (corrected for inverse square losses) versus depth gives a cluster of points with generally decreasing power at greater depths due to the dielectric attenuation (Fig. 2) . Because we have no absolute measure of echo power, dB values are computed relative to a very strong and flat-lying reflector about 260 km from South Pole, very likely a subglacial lake. The least-squares fitted slope of this collection of points gives a measure of the mean dielectric attenuation length, which via Eq. (2) yields a depth-averaged one-way attenuation value of 8.6 ± 0.1 dB/km. This method assumes that for a large statistical sample, all values of reflectivity are equally likely, independent of depth. Replotting the data with the average trend removed thus corrects for the dielectric attenuation and the value of power above or below the fitted line is a measure of the relative basal reflectivity for that point . The histogram of these relative basal reflectivity values (Fig. 3 ) has a range of about 40 db and is well fit by a double Gaussian model. A larger population of echoes with low reflectivity values (mean −18.8 dB, FWHM 14.1 dB) is separated from a smaller population with higher reflectivity (mean −11.8 dB, FWHM 8.3 dB) by 7 db (difference of the means). While there is some overlap of echoes within one standard deviation between the two means, there is sufficient separation to clearly distinguish wet from dry basal conditions between the highest and lowest values.
Variable attenuation models
Because the temperature profile of the ice varies substantially from Taylor Dome to South Pole (Price et al., 2002; Waddington et al., personal communication, 2010) we explored two additional methods to model dielectric attenuation as a function of distance along the traverse, both relying on power received from englacial reflectors. The first method was based on the power returned from the strongest englacial reflectors. The second utilized the decrease in RMS power with depth of all internal echoes. For 35 km segments of the traverse (approximately 1000 traces), we computed a running average of the depth-corrected relative power returned from internal echoes and plotted this as a function of depth. In the first method, only the maximum values in this distribution (the brightest echoes) were then fit with a linear least-squares function. Assuming that the brightest internal reflectors have the same reflectivity and occur with equal probability at all depths, the slope of the fitted function is again a measure of the depth-averaged dielectric attenuation for that segment (Matsuoka et al., 2010) . These plots generally have a welldefined upper cutoff that shows a strong linear dependence with depth, justifying the assumption. Values obtained in this way show local variations of up to 50% from a mean of 9.6 dB/km (one-way), with an overall trend of decreasing attenuation at the higher elevations approaching South Pole, presumably because of colder temperatures of the ice. The best linear fit to these values gives one-way attenuations ranging from approximately 11 dB/km near Taylor Dome to 7 dB/km at South Pole. Variations about this trend were not correlated with ice thickness, layer geometry or basal topography. These values of attenuation are about 50% lower than those we have measured in West Antarctica , again likely because of warmer ice temperatures there. We used the values from this linear trend in our computations of relative basal reflectivity described below. Fig. 3 . Histogram of relative bed echo reflectivities in dB. The distribution of 464 000 points has a mean of −15.9 dB and FWHM of 19 dB. It is well fit by a double Gaussian function with a population centered at −18.8 dB, FWHM 14.1 dB and a more reflective population centered at −11.8 dB, FWHM 8.3 dB. We identify echoes to the left as indicative of dry basal condition and those to the right as wet. Reflectivity values are scaled to a highly reflective subglacial lake that plots at 0 dB in this figure. A similar model for the RMS power returned from all internal reflectors within each 35 km window gave a second set of attenuation estimates as a function of distance along the traverse. These values match closely those from the brightest echoes, giving confidence that power returned from internal layers is very similar whether one considers all returns or only the brightest.
A fourth method for calculating attenuation applied in the shallower ice near Taylor Dome used the standard geophysical technique of measuring the amplitude of secondary bed echoes (two round trips through the ice with an internal reflection at the surface) (e.g., MacGregor et al., 2010; Peters et al., 2008) and gave similar results.
Basal reflectivity
Colors along the traverse route in Fig. 1 indicate the computed relative basal reflectivity in a dB scale using the modeled trend of values for dielectric attenuation obtained from the brightest internal echoes model. They have been smoothed with a 500 m running average to remove the effects of small-scale roughness and noise. The calculated values shown in this map vary by up to 40 db and are not sensitive to the method used for removing dielectric attenuation. Results are similar whether a single value for attenuation is used or the along-traverse values computed by either of the models using the power from internal layers. As an overall trend, basal reflectivity generally increases toward South Pole where ice near the pressure melting point has been reported at the bed (Price et al., 2002) . Other areas of high basal reflectivity correspond with topographic features such as abrupt bedrock rises and subglacial lakes ), some of which have been suggested by elevation changes seen in satellite imagery ). But it is noteworthy that not all candidate satellite-inferred lake sites show high basal reflectivity ). The area of highest bed reflectivity (discussed below) is found in the northern portion of the Byrd Basin where the traverse crosses a region of slightly elevated bedrock.
Basal roughness can impact the measurement of radar power received from the bed because of scattering and thus potentially confound the calculation of reflectivity. With a wavelength of ∼ 50 m in ice, we would not expect our radar to be sensitive to roughness features on scales less than one to two hundred meters at typical depths (roughly the first Fresnel Zone). In principal, our along-track resolution is improved somewhat by our 3.5 m trace separation which enables us to use migration techniques (similar to SAR processing) to collapse diffraction hyperbolas and capture the energy from roughness features with slopes less than about 45 degrees. Also, in these plots we have smoothed the reflectivity data with a running average of 500 m so that variations should depict changes in bed dielectric properties as opposed to scattering losses.
To show more clearly the relationship between bed topography and reflectivity we have plotted data from the northern portion of the Byrd Basin (Fig. 4) . The highest values of basal reflectivity occur from km 400 to 500 where the traverse route turns briefly along flow from the Byrd Glacier (Figs. 1 and 4 at Site 06-4). Reflectivity remains consistently high across most of this section (km 350-500) despite roughness features of several hundred meters relief at the scale of several kilometers. Areas both before and following this section with essentially the same bed roughness show much lower reflectivity by 20 dB or more. From this we conclude that our interpretation of thawed basal conditions is not an artifact related to scattering losses from bed roughness. We turn next to investigate the correspondence of basal reflectivity with ice speed.
Ice velocities
Surface ice velocities were derived from a combination of tandem phase ERS-1 interferometric SAR (InSAR) and longer repeat ERS-1 (35 day) and RADARSAT (24 day) In-SAR and speckle tracking data sets produced by several different groups at the University of Washington, Jet Propulsion Laboratory and Ohio State University (Edwards, 2009) . The different data sets were combined, where overlapping, using a weighted average based on the formal error estimates for each velocity estimate (Edwards, 2009) . Balance velocities covering the entire region of the traverse were estimated us- Fig. 4 . Basal reflectivity, topography and prominent internal layers from a portion of the traverse in the northern Byrd Basin corresponding to higher velocities. Balance velocities are also shown across the bottom of the figure for comparison with reflectivity. Velocity colors are scaled to the range of balance velocities, approximately 0-70 m/a. Areas of high basal reflectivity (warm colors) are independent of bed roughness and ice thickness, and correspond closely with velocity. Basal reflectivity color scale is in dB, the same scale used in Figs. 1 and 2 . The apparent discontinuity at site 06-4 corresponds to a short segment oriented perpendicular the rest of the traverse to circumvent a region of crevasses.
ing a standard finite difference scheme (Budd and Warner, 1996) combined with a new digital elevation model and accumulation estimates for the ice sheet .
Comparisons between the basal reflectivity and ice speeds were made using both the InSAR and balance velocity data sets. However, coverage of the InSAR velocities unfortunately is limited and also discontinuities occur at the seams where satellite coverage ends, making it difficult to splice together InSAR and balance velocity data sets in a single comparison. For that reason, only comparisons with balance velocities are described here (colors in Fig. 1 ). While they are less accurate than the InSAR velocities, they have been shown to capture well the spatial pattern of fast flow . The correspondence between measured InSAR surface velocities and relative basal reflectivity is most striking in the northern part of the Byrd basin near 80 • S latitude, 145 • E longitude where the areas of highest velocity align with high bed reflectivity. The color bar across the bottom of Fig. 4 shows the balance velocities plotted for comparison with basal reflectivity and the strong correlation is apparent. On the other side of the Byrd catchment to the south, the bed is also more reflective where increasing ice speeds near the southern margin (85 • S) begin to form the southern-most tributary. Less apparent, but following the same trend, is the central tributary where bed reflectivity values are also higher. South of the Byrd catchment, the traverse is too far inland to be sensitive to organized flow and values of basal reflectivity are generally higher everywhere, corresponding to conditions near thawing.
Discussion and conclusions
To explore more quantitatively the correspondence between surface velocity and basal reflectivity for the entire traverse we have plotted the balance velocities versus basal relative reflectivity (Fig. 5) . Points along the traverse north of 85 • are plotted in red while points to the south are blue. This is an approximate division of where ice flow is organized into the major drainage catchments to the north (e.g. Byrd, Nimrod) and less organized ice sheet flow in the interior of the ice sheet to the south. The fitted line is a linear least squares regression to the points north of 85 • only (red) showing an R 2 value of 0.72. Including points from the southern portion of the traverse in the fit lowers the R 2 value to below 0.5 because, as noted above, much of the bed there has high reflectivity while velocities are low in this part of the ice sheet where flow is not organized. The distribution of these points suggests that above a threshold velocity of approximately 10 m/a, velocities are strongly correlated with basal reflectivity, whereas areas with lower velocity can occur across a range of reflectivity values.
The correspondence between higher surface velocities and stronger basal reflectivity is not surprising given that basal lubrication provides the major control on ice motion in areas such as the ice streams in West Antarctica. In Greenland, the largest "ice stream" feature, extending some 650 km into the ice sheet interior has been linked to a geothermal hotspot resulting in large subglacial water production (Fahnestock et al., 2001) . Studies on fast flow features in East Antarctica are, however, more limited both in number and detail. As a consequence, the role of basal hydrology on ice dynamics in East Antarctica is less clear. Where investigated, fast flow features in East Antarctica appear to be controlled to some extent by bedrock topography (e.g. Rippin et al., 2003) , lying in troughs. Deeper, thicker ice is warmer at depth, resulting in a lower viscosity and a higher driving stress. Deformational velocity is proportional to the fourth power of ice thickness and it is possible, therefore, that fast flow features in East Antarctica do not require an additional mechanism to account for their existence. For the deepest, thickest tributary feeding Slessor Glacier, however, basal sliding was found to be important to the ice motion (Rippin et al., 2003) . This appears also to be the case here. The correspondence between high reflectance and areas of fast flow strongly suggests that basal lubrication is contributing to the motion. We note, however, that toward the South Pole, areas of wet bed are identified, which do not correspond with regions of enhanced flow. This is consistent with other model and observational results (e.g., Bell, 2008; Bell et al., 2007) , confirming that basal lubrication is a necessary but not sufficient condition for enhanced flow in this sector of East Antarctica.
The present study shows that areas of thawed bed in East Antarctica are not limited to isolated lakes and that they are widespread. The strong correspondence between regions of thawed bed and ice speed demonstrated here shows that basal hydrology plays a critical role in the dynamics of the entire continent.
